The mononuclear phagocyte system is composed of monocytes, macrophages and dendritic cells and has crucial roles in inflammation, autoimmunity, infection, cancer, organ transplantation and in maintaining organismal homeostasis. Interleukin-34 (IL-34) and macrophage colony stimulating factor (MCSF), both signalling through the MCSF receptor, regulate the mononuclear phagocyte system. A single IL-34 and MCSF gene are present in tetrapods. Two types of MCSF exist in teleost fish which is resulted from teleostwide whole genome duplication. In this report, we first identified and sequence analyzed six IL-34 genes in five teleost fish, rainbow trout, fugu, Atlantic salmon, catfish and zebrafish. The fish IL-34 molecules had a higher identity within fish group but low identities to IL-34s from birds (27.2-33.8%) and mammals (22.2-31.4%). However, they grouped with tetrapod IL-34 molecules in phylogenetic tree analysis, had a similar 7 exon/6 intron gene organisation, and genes in the IL-34 loci were syntenically conserved. In addition, the regions of the four main helices, along with a critical N-glycosylation site were well conserved. Taken together these data suggest that the teleost IL-34 genes described in this report are orthologues of tetrapod IL-34. 
MCSF2, ligands of the MCSF receptor

Tiehui
IL-34 mRNA is broadly expressed in adult human tissues, including heart, brain, lung, liver, kidney, spleen, thymus, testis, ovary, small intestine, prostate and colon (Lin et al., 2008 in vitro, and found that the three ligands are differentially expressed and modulated by pathogen associated molecular patterns (PAMPs), proinflammatory cytokines and a parasitic infection.
Materials and methods
Identification and cloning of IL-34 in rainbow trout and fugu
Search of the expressed sequence tag (EST) database revealed two overlapping trout ESTs (Acc Nos.
CA351788, CA368219) that when translated encode a peptide with homology to the N-termini of mammalian IL-34 molecules. The full-length sequence of the trout molecule was obtained by 3'-RACE using spleen SMART cDNA as described previously (Wang and Secombes, 2003) . Primers (F1/F2, Table I) were designed in the 5'-untranslated region (UTR) and amplified a 1.5 kb product that contained the complete coding region and 3'-UTR.
The fugu IL-34 sequence was found by exploiting the conservation of synteny between the human and the fugu genomes. The fugu genome database was searched by basic local alignment search tool (BLAST)
analysis (Altschul et al., 1990 ) using human metastasis suppressor 1-like (MTSS1L) and splicing factor 3b, subunit 3 (SF3B3) genes, the known neighbours of the human IL-34 gene. Two candidate fugu DNA scaffolds (764 and 2156) were obtained and a region encoding a possible fugu IL-34 homologue identified using various sequence analysis programs (Burge and Karlin, 1998) . The prediction was confirmed by sequencing of a PCR product amplified by primers fIL34F1 and R1 (Table 1 ) from cDNA samples. The cDNA sequence was extended by 3'-and 5'-RACE using primers detailed in Table 1 .
(http://www.ncbi.nlm.nih.gov/spidey) at NCBI.
Sequence analysis
The DNA sequences produced by cloning and the EST sequences retrieved from the database were assembled and analysed with the AlignIR program (LI-COR, Inc). The protein sequences were retrieved from the Expasy or NCBI protein databases. Global sequence comparisons were performed using the 
Expression of IL-34, MCSF1 and MCSF2 in healthy trout and four trout cell lines
Six healthy rainbow trout (Mean±SEM =106.0±5.2 g) were killed and fourteen tissues (gills, thymus, scales, skin, muscle, liver, spleen, ovary, head kidney, caudal kidney, intestine, heart, tail fins and brain) were collected and homogenized in Trizol (Invitrogen). The RNA preparation and cDNA synthesis were as described previously (Wang et al., 2011a, b) .
The primers (Table 1) for real-time-PCR analysis of gene expression were designed so that at least one primer crossed an intron and were pre-tested to ensure that each primer pair could not amplify genomic DNA using the real-time PCR protocols. The expression of trout IL-34, MCSF1 and MCSF2, as well as the house keeping gene elongation factor-1α (EF-1α) was quantified by real-time PCR as described previously (Wang et al., 2009 (Wang et al., , 2011a supplemented with 30% foetal calf serum (FCS, Labtech International, UK) for RTS-11 cells or 10% FCS for the other cell lines, and 100 units/ml penicillin, 100 g/ml streptomycin (Invitrogen). Total RNA was prepared from 1 day old cells after passage and real-time analysis of gene expression was as described above.
The expression level of MCSF1 in RTGill, the lowest level of all the ligands in all the cell lines, was defined as 1. 
Statistical analysis
Real-time quantitative PCR measurements were analyzed using the SPSS package 20.0 (SPSS Inc. Chicago, Illinois). The arbitrary units for each sample were obtained after normalization to the lowest expression level in a data set that was defined as 1, and were log2 transformed to improve the normality of data distribution as 
Results
Identification of teleost IL-34
The 
Chracterisation of teleost IL-34
The teleost IL-34 aa sequences are sumarised in Table 2 . They are 204-226 aa long with basic theoretical isoelectric points (pI) (8.36-9.42) except fugu IL-34 (pI=6.18). As with bird and mammalian IL-34 molecules, the teleost IL-34 molecules have a signal peptide at the N-terminal suggesting they are secreted. Two to six potential N-glycosylation sites are also present in each fish molecule ( Table 2 ).
The trout IL-34 and salmon IL-34A share 95.1% identity to each other but only share 82.2% identity to salmon IL-34B ( (Table 3) .
To further reveal the conservation and identity of fish IL-34 molecules, a multiple alignment was constructed ( Fig. 2A) . The human and mouse IL-34 have four long alpha helices (aA-D) that form the core "up-up-downdown" structure, in addition to two short helices (a1-2) (Liu et al., 2012; Ma et al., 2012). The four long helices, as well as the a1 helix are well conserved ( Fig. 2A) . The N-glycosylation site in helix a1, shown to be critical for IL-34 stability in solution (Liu et al., 2012) , is also conserved in all vertebrates. An additional N-glycosylation site between helices aA and a1 is present in teleost species except tilapia ( Fig. 2A ). There are six conserved cysteine residues (C1, 2, 4, 5, 6 and 7 in the alignment) in mammalian IL-34, and four of them form two pairs of intramolecular disulfide bonds (C1-C6 and C4-C7, Ma et al., 2012) (Fig. 2B) . Four of the six cysteine residues (C1, 2, 6 and 7) were also conserved in teleost IL-34 molecules, in addition to a fish specific cysteine residue C3. Thus the the teleost IL-34 may also have two intramolecular disulfide bonds (C1-C6 and C3-C7; Fig. 2B ). However, the bird IL-34 molecules only have three conserved cysteine residues (C1, 2 and 6) and miss the final cysteine C7 present in both mammals and teleosts. Interestingly, C2
is conserved across all vertebrates but is reported to have no role in disulfide bond formation in mammalian Fig. 2A ). The shorter C-terminal of teleost IL-34 contains many basic residues (K and R).
A phylogenetic tree was also constructed using mammalian MCSF as an outgroup (Fig. 3) . All the IL-34 molecules from fish, birds and mammals grouped together with high bootstrap support (100%) and separate from MCSF, indicating that they are indeed orthologues. In agreement with the multiple alignments, the IL-34 molecules from teleost fish, birds and mammals form independent clades, a reflection of selection pressures in each vertbrate group.
It appeared that the IL-34 genes across vertebrates had a general 7 exon/6 intron structure, with one intron in the 5'-UTR. The first and last introns in the coding region are phase 1 and the rest are phase 0. One exception was fugu IL-34 that may have an 8 exon/7 intron structure resulting from an intron insertion in exon 5 (Fig. 4) . Despite the conservation of exon number, exon size showed group specific features except in exons 4 and 5. Mammalian IL-34 genes had a large untranslated region in the first coding exon (exon 2) and a large coding region in the last exon compared to fish and bird IL-34 genes. In the chicken IL-34 gene exon 3 was similar in size to teleost IL-34 genes but exon 6 was more similar to mammalian IL-34 genes (Fig. 4) .
Differential expression of IL-34, MCSF1 and MCSF2 in vivo and in cell lines
The expression of the three trout MCSFR ligands, IL-34, MCSF1 and MCSF2, was comparatively examined in fourteen tissues from six healthy trout, by real-time PCR (Fig. 5A ). The expression of MCSF1 showed great variance between tissues, with the lowest level detected in the gills (arbitrary unit 1) and highest level in spleen (40,088). The expression of MCSF2 was also varied, with the highest expression level in the head kidney (2,529) and lowest in ovary (3). IL-34 was relatively highly expressed and less varied across tissues, with the highest level in gills (1,416) and lowest in ovary (57, Fig. 5A ). The expression levels of IL-34 and MCSF2 differed significantly in all tissues, whilst IL-34 and MCSF1 differed in most tissues except in brain and tail fins (Fig. 5C ). The expression levels of MCSF1 and MCSF2 were also different in most tissues, except liver, skin, thymus and heart. (Fig. 5B) . The expression levels of the three ligands differed from each other in all the cell lines (Fig.   5C ). (Fig. 6) . However, the expression of both genes was inhibited by these stimulants in a cell line-and time-dependent manner. In contrast, the expression of IL-34 was induced by all the three stimulants in all the four cell lines tested (Fig. 6 ). The highest induction (23-fold) of IL-34 expression like in RTS-11 cells was by LPS, whilst polyIC gave the largest increases in the other cell lines, e.g. RTL 26.7-fold, RTG-2 18.7-fold and RTGill 12-fold. A modest induction (less than 5-fold) of IL-34 expression was also seen in all cell lines after IFN-γ stimulation (Fig. 6) . and parasite-infected fish were assigned a kidney swelling index from Grade 1 to 3. A modest increase (1.7-2.6 fold) of IL-34 expression was seen in all the infected fish (Fig. 8) . However, the expression of MCSF2 was refractory to the disease and MCSF1 was decreased in advanced stages of the disease (over Grade 1).
Discussion
We report for the first time the identification and characterisation of IL-34 in teleost fish. IL-34 is another potential ligand for MCSFR, in addition to the other two potential ligands in teleosts, MCSF1 and MCSF2.
The expression of IL-34 has been studied in rainbow trout and compared to the expression of MCSF1 and MCSF2. We found that the three ligands were differentially expressed in vivo and in cell lines, and that IL-34
was the main responder of the three ligands to inflammatory stimulation and parasite infection.
The teleost IL-34 gene
By cloning and database mining, we identified six IL-34 genes in five teleost fish, rainbow trout, fugu, Atlantic salmon, catfish and zebrafish. The fish IL-34 molecules had low identities to IL-34s from birds (27.2-33.8%) and mammals (22.2-31.4%) ( Table 3 ). However, they grouped with tetrapod IL-34 molecules in phylogenetic tree analysis (Fig.3) , had a similar 7 exon/6 intron gene organisation (Fig. 4) , and genes in the IL-34 loci were syntenically conserved (Fig. 1) . In addition, the regions of the four main helices, along with a critical N-glycosylation site were well conserved (Fig 2) . Taken together these data suggest that the teleost IL-34 genes described in this report are orthologues of tetrapod IL-34.
Despite the above conserved features, the IL-34 molecules from fish, birds and mammals showed particular characteristics in each group. The mammalian IL-34s have a longer C-terminal tail that extends beyond the core four helix structure and that is P-S-T-rich. The C-terminal of teleost IL-34s are shorter (except fugu IL-34) and basic residue (K-R) rich. The bird IL-34s are the shortest and lack the last cysteine residue that is conserved in both fish and mammals. Interestingly, the C-terminal of mammalian IL-34 is not necessary for The other major difference between the molecules is the potential to form disulfide bonds. Mammalian IL-34 has six conserved cysteine residues, whilst fish have five and birds only three. All the three cysteine residues in bird IL-34 are conserved in fish and mammals and form one putative conserved disulfide bond.
Mammalian IL-34, and likely the fish IL-34, have one additional disulfide bond (Fig. 2) . The potential of the remaining two cysteine residues of mammalian IL-34 to form a disulfide bond is unclear (Ma et al., 2012) .
Interestingly, one of the cysteine residues is well conserved in both fish and birds. The MCSF homodimer but not mammalian IL-34 is linked by an intermolecular disulfide bond. The role of this conserved cysteine residue in IL-34 remains to be determined.
Also, whilst the IL-34 genes across vertebrates have a general 7 exon/6 intron structure, the exon sizes are quite variable, with fish and mammals having the largest differences and birds somewhat in-between these two. Interestingly in fugu IL-34 an extra exon was present, the result of an intron insertion in the common 
Features of the teleost IL-34 transcript
Two to five ATG codons can be found in the 5'-UTR of the main ORF of IL-34 genes in trout, salmon, 
The expression of three MCSFR ligands in tissues and cell lines
The expression patterns of mammalian IL-34 mRNA and MCSF mRNA are spatially and temporally distinct, which suggests that they have complementary rather than redundant roles in MCSFR activation in vivo Previously we have shown that MCSF2 is the dominant isoform in the head kidney (Wang et al., 2008 ), but in this study its expression in head kidney was not affected by PKD. IL-34 is also highly expressed in head kidney and its induction by PKD at this site suggests an involvement of macrophage function in this disease model. IL-34 (B) . The multiple alignment was produced using ClustalW, and conserved amino acids shaded using BOXSHADE (version 3.21). The signal peptide, four long helices (aA-aD) that form the core four helical bundle and two additional short helices (a1 and a2) are indicated. The conserved cysteine residues (C1-C7) are indicated above the alignment and conserved N-glycosylation sites by a star. The accession numbers for sequences used in this alignment are given in Fig. 3 . replicates. The evolutionary distances were computed using the JTT matrix-based method. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). Selected mammalian MCSF molecules were chosen as an outgroup. The accession number for each sequence is given after the species name and molecular type except for the fish IL-34 molecules from trout, salmon, fugu and catfish analysed in this report. Four day old HK primary macrophages were stimulated with LPS (25 μg/ml), polyIC (50 μg/ml), and recombinant IFN- (20 ng/ml), IL-1β (20 ng/ml), IL-6 (100 ng/ml), PHA (10 μg/ml), PMA (100 ng/ml), calcium ionophore (CI, 500 ng/ml) and dexamethasone (DM, 500 ng/ml) for 4 h, 8 h and 24 h. The RNA preparation and quantification of gene expression was as described in Table 2 . Summary of teleost IL-34. The signal peptide predicted using SignalP 4.0 program is shaded and potential-glycosylation sites are underlined. The number of amino acids (aa), and the theoretical isoelectric point (pI) and molecular mass (MM) of the full-length translation are presented. 
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